The degree to which adaptation in recent human evolution shapes genetic variation remains 14 controversial. This is in part due to the limited evidence in humans for classic "hard selective 15 sweeps," wherein a novel beneficial mutation rapidly sweeps through a population to fixation. 16 However, positive selection may often proceed via "soft sweeps" acting on mutations already 17 present within a population. Here we examine recent positive selection across six human 18 populations using a powerful machine learning approach that is sensitive to both hard and soft 19 sweeps. We found evidence that soft sweeps are widespread and account for the vast majority of 20 recent human adaptation. Surprisingly, our results also suggest that linked positive selection 21 affects patterns of variation across much of the genome, and may increase the frequencies of 22 deleterious mutations. Our results also reveal insights into the role of sexual selection, cancer 23 risk, and central nervous system development in recent human evolution. 24 25 2015). Such growth enables insight into the evolutionary histories of human populations with 29 hitherto unrivaled precision. A central question in the study of human evolution is the extent to 30 which adaptation has driven recent evolution and affected patterns of genetic diversity (Akey 31 2009
INTRODUCTION 26
Spurred by the ongoing revolution in DNA sequencing capacity, human population genetic 27 datasets have grown exponentially in size over the past five years (Auton et al. 2015; Consortium 28 deleterious variants over what would be expected given mutation-selection-drift equilibrium linked or soft-linked. Indeed, we observed a fairly subtle but significant overrepresentation of 177 SNPs with derived allele frequencies of at least 0.01 but predicted to by damaging by SIFT 178 (Kumar et al. 2009 ) in both the hard-linked (mean enrichment across populations: 1.3-fold) and 179 soft-linked (mean enrichment: 1.1-fold) classes for most populations (Fig 1C, D ; Table S1 ). We 180 find a similar enrichment in these sweep-linked classes of common SNPs in regions inferred to 181 be conserved across primates according to phastCons (Siepel et al. 2005) . Phenotype-associated 182 variants from the GWAS catalogue (Welter et al. 2014) were also significantly overrepresented 183 sweep-linked regions in several populations (Fig 1C, D) . In order to determine if positive selection preferentially acts on particular organismal functions, 188 we asked which Gene Ontology (GO) terms were enriched in our sweep calls relative to the 189 permuted data (Methods). In soft sweeps, we found a sizeable and significant enrichment 190 (q<0.05) of terms related to sperm development, structure, and function. Terms enriched in at 191 least one population include spermatogenesis (4.4-fold enrichment averaged across populations),
192
"sperm flagellum" (3.9-fold enrichment), and "sperm-egg recognition" (3.3-fold enrichment).
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These terms were not significantly enriched for hard sweeps in any population, though this may 194 be due in part to reduced power because of the smaller number of sweeps. the spermatogenesis associated 31 gene family: SPATA31B1, SPATA31D1, SPATA31D3, and SPATA31D4. Across populations this region shows dramatic valleys in π and Tajima's D, as well 243 as an elevated CLR near the center of the sweep window. These genes are highly testis-specific 244 according to data from the GTEx project (Lonsdale et al. 2013) , and male mice are infertile when 245 lacking Spata31, another member of these gene family (Wu et al. 2015) . Figure 4 also shows that 246 each of these genes overlaps a cluster of non-repetitive piRNAs (data from piRBase; Zhang et al.
247
2014). Also near this region is DDX10P2, which GENCODE annotates as a processed 248 pseudogene (Pei et al. 2012) . DDX10P2, which is located at the center of the CLR peak for CEU, 249 is expressed with a high degree of testis-specificity according to GTEx data, similar to the 250 neighboring SPATA31 genes. A BLAT search (Kent 2002) revealed that this putative 251 pseudogene exhibits 99.5% sequence identity to the orthologous sequence in chimpanzees. The 252 parent gene of DDX10P2, DDX10, is expressed in many tissues, but shows highest expression in 253 the testis.
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On chromosome 11 we detected what appear to be several novel soft sweeps present in 255 and upstream of CADM1 (cell adhesion molecule 1; Figure 5 ), one of which is present in each 256 population. This gene is essential for spermatogenesis in mice (Van Der Weyden et al. 2006), 257 and is also a tumor suppressor that is hypermethelated in various cancers (Kuramochi et al. 2001; 258 Allinen et al. 2002; Fukuhara et al. 2002) , as it works with the adaptive immune system to 259 suppress metastasis (Faraji et al. 2012) . CADM1 is also active in the brain where it is involved in 260 synaptic adhesion and has been linked to autism (Zhiling et al. 2008; Fujita et al. 2010) . CADM1 261 forms a complex with those other genes: the GABA receptor GABBR2, which has a soft sweep in 262 YRI, and MUPP1, which has a soft sweep found in each population; this complex appears to 263 localize to Purkinje cell dendrites (Fujita et al. 2012 ). Thus, this example encompasses many of the functions that we find are highly enriched across our sweep sets: adaptation in multiple 265 interacting genes (one of which is a neurotransmitter), spermatogenesis, and tumor suppression 266 (via adaptive immunity). Sabeti et al. 2002; Voight et al. 2006; Sabeti et al. 2007; Pickrell et al. 2009; Field et al. 2016) .
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The majority of these studies searched primarily for partial selective sweeps-the signature of a distinguishing between selection on de novo mutations and on previously standing variation.
Perhaps our most consequential result is the finding that the majority of our candidate sweeps 289 resemble soft sweeps on standing variation. This result implies that adaptation in humans may 290 not be mutation-limited (Gillespie 1991; Karasov et al. 2010) : rather than waiting for a novel 291 mutation to arise, human populations may often be able to respond via selection on previously 292 segregating polymorphisms, thereby more rapidly responding to novel environmental challenges.
293
This may be surprising given the apparently small effective population size and low nucleotide 294 diversity levels in humans. However, if the mutational target for the trait to be selected on is 295 fairly large, then the probability of a population harboring a mutation affecting that trait may be 296 appreciable.
297
While soft sweeps appear to be the dominant mode of selection globally, there is a 298 significant increase in the proportion of putative hard sweeps in non-African populations relative 299 to African populations. This is consistent with theoretical expectations, as larger populations which does not harbor standing variation that is beneficial may experience a more protracted 312 decline in size while it waits for an adaptive de novo mutation.
313
Our genome-wide results amplify results of earlier studies that by design have tried to 314 infer the mode of adaptation in a smaller number of targeted loci. For instance Peter et al. (2012) 315 attempted to infer the mode of adaptation among 7 loci previously identified to be under 316 selection in human populations. They report that half of the loci that they could confidently 317 classify supported selection on standing variation. In Drosophila melanogaster, when looking 318 among strong outliers of haplotype homozgosity, Garud et al. (2015) found that patterns of 319 variation in those regions were consistent with recent soft selective sweeps. Our finding, that the 320 vast majority of sweeps in human populations are soft sweeps, thus underscores the ubiquity of 321 selection from standing variation in natural populations. Indeed it seems plausible that adaptation 322 from standing variation might be the rule, rather than the exception.
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There are two caveats affecting our ability to discriminate between selection on standing 324 variation and on de novo mutations. First, while we have trained our classifier to detect soft 325 sweeps on previously segregating mutations, soft sweeps may also occur via recurrent mutation ), we see that for most values of K, each of these populations appears to correspond 428 primarily to a single ancestral population rather than displaying multiple clusters of ancestry (see 429 Extended Data Figure 5 from Auton et al. 2015) . One exception may be the PEL population, but 430 among the highly admixed American samples it appears to exhibit the smallest amount of 431 possible mixed ancestry (for most values of K), so we retained this population in order to have 432 some representation from the Americas. We opted not to examine any South Asian population, 433 as for each of these samples ADMIXTURE inferred evidence of ancestry from three or more 434 ancestral populations. 435 We downloaded numerous annotation data sets containing genomic features to test for 
